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INTRODUCTION 


It  is  well-known  that  minor  changes  in  chemistry  can  profoundly  affect  how  well  carbon 
and  alloy  steels  resist  hydrogen  embrittlement.  In  some  cases,  these  chemistry  changes  affect  the 
steel’s  strength  by  altering  heat  treatability.  (It  is  generally  understood  that  increasing  strength 
levels  reduces  steel’s  resistance  to  this  phenomenon.)  In  other  cases,  however,  steels  of 
equivalent  strength  show  a  considerable  range  of  susceptibility.  For  example,  Raymond 
suggested  that  minor  elemental  additions  of  silicon  or  vanadium  reduced  steel’s  susceptibility  to 
hydrogen  embrittlement  (ref  1).  It  has  also  been  suggested  that  the  effects  of  minor  alloy 
additions  could  be  associated  with  the  number,  types,  and  binding  energies  of  hydrogen  to  traps 
in  the  metal  matrix  (refs  2, 3).  These  traps  can  be  dislocations  (refs  4-7),  grain  boundaries  (refs  8- 
10),  voids  (refs  11, 12),  or  particle  matrix  interfaces  (refs  5,  8, 13).  Alloying  elements  with  a 
strong  affinity  for  hydrogen  can  also  act  as  effective  traps  (ref  14).  The  traps  effectively  prevent 
hydrogen  from  migrating  to  highly  stressed  regions  in  an  alloy  where  they  can  either  initiate  or 
propagate  cracks.  The  traps  both  reduce  the  total  amount  of  diffusible  hydrogen  and  redistribute 
hydrogen  in  the  alloy. 

The  purposes  of  this  study  were  to  examine  how  carbon  and  vanadium  affect  the 
hydrogen  embrittlement  susceptibility  of  alloy  steels  and  to  determine  the  role  of  these  alloying 
elements. 

EXPERIMENTAL  PROCEDURE 

Materials 


Experiments  were  performed  on  commercial  and  modified  heats  of  quenched  and 
tempered  ASTM  A723  and  AISI 4340  alloy  steels.  Specimens  were  heat-treated,  austenitized  at 
840°C  (1550°F)  for  1  hour,  water  quenched,  and  tempered  for  1  hour  at  232°C  (450°F)  to 
approximately  the  same  yield  and  tensile  strengths  shown  in  Table  1. 

Table  1.  Mechanical  Properties 


Alloy 

Mean  Yield  Strength 

Mean  Ultimate 
Tensile  Strength 

A723  Base 

1448  MPa  (210.0  Ksi) 

1800  MPa  (261.0  Ksi) 

4340  Base 

1579  MPa  (229.7  Ksi) 

1860  MPa  (269.7  Ksi) 

A723  Modified 

1586  MPa  (230.9  Ksi) 

1923  MPa  (278.9  Ksi) 

4340  Modified 

1572  MPa  (228.0  Ksi) 

1862  MPa  (270.0  Ksi) 

The  chemistries  of  each  alloy  are  shown  in  Table  2.  The  principal  differences  in 
chemistry  include  a  0.06  wt.  %  lower  carbon  level  for  the  A723  alloy  compared  to  the  4340  alloy 
and  small  differences  in  chromium,  nickel,  and  molybdenum.  In  addition,  the  A723  alloy 
contains  approximately  0.12  wt.  %  vanadium.  The  amount  of  sulfur — which  often  has  a  large 
effect  on  the  mechanical  properties  of  carbon  steels— is  not  significantly  different  between  the 
A723  (with  sulfur  at  0.01 1%)  and  the  4340  (with  sulfur  at  0.013%).  Therefore,  in  this  case,  sulfur 
is  not  considered  to  cause  a  difference  in  hydrogen  embrittlement  susceptibility. 
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Table  2.  Chemistries  (Wt.  %) 


A723 

4340 

c 

0.34 

0.40 

s 

0.011 

0.013 

p 

0.010 

0.013 

Mn 

0.59 

0.74 

Cr 

0.96 

0.76 

Ni 

2.50 

1.71 

Mo 

0.39 

0.23 

V 

0.12 

0.006 

Si 

0.26 

0.25 

Alloy  Modification 

Two  experimental  laboratory  melts  were  produced  to  compare  the  elemental  effects  of 
carbon  and  vanadium  on  the  hydrogen  embrittlement  of  these  steels.  Modified  A723  was 
prepared  with  a  carbon  level  of  0.40%,  which  is  equivalent  to  that  of  4340  steel.  Modified  4340 
was  prepared  with  a  vanadium  level  of  0.12%,  which  is  equivalent  to  that  of  A723  steel.  The 
alloy  chemistries  were  modified  by  adding  base  alloys  to  the  melts — thereby  producing  13.6  kg 
(30  lbs.)  samples  of  the  new  alloy,  which  were  then  remelted  in  an  electric  furnace  and  poured 
into  small  ingots.  The  cast  ingots  were  then  forged  at  1090°C  (2000°F)  into  16  mm  (0.625  in.) 
square  bars  (for  a  forging  reduction  of  2.5)  and  heat-treated  to  the  strength  levels  shown  in  Table 
1.  After  heat  treatment,  the  blanks  were  machined  into  9.0  mm  (0.357  in.)  diameter  tensile  bars 
(per  ASTM  E-8)  that  had  a  60°  notch  with  a  root  diameter  of  6.35  mm  (0.250  in.)  (Figure  1). 


Figure  1.  Notched  tensile  bar 
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Electrolytic  Charging  of  Hydrogen 


The  specimens  were  electrolytically  charged  with  hydrogen.  The  notch  tensile  bars  were 
connected  as  cathodes  in  a  10%  H2S04  solution  that  contained  0.3  g/1  of  arsenic  trioxide.  Arsenic 
trioxide  is  a  recombination  "poison"  that  inhibits  nascent  hydrogen  atoms  from  combining  to 
form  diatomic  gas.  This  process  enhances  the  ingress  of  atomic  hydrogen  into  the  alloys.  A  20 
mA  DC  current  was  then  applied  to  a  cylindrical-shaped  lead  (Pb)  anode  at  room  temperature. 
This  resulted  in  a  current  density  of  approximately  0.7  ma/cm2  (4.5  ma/in2)  for  these  notch 
tensile  bars,  which  have  a  surface  area  of  30.2  cm2  (4.68  in2).  The  electrolytic  charging  was 
imposed  for  various  lengths  of  time,  and  notch  tensile  tests  were  conducted  immediately  after 
each  charging  to  determine  the  extent  of  hydrogen  embrittlement.  The  embrittlement  index  (El), 
which  is  commonly  used  to  describe  the  degree  of  embrittlement  (ref  15),  is  defined  as: 

El  =  (1-NTS/NTSo)  x  100  (1) 

where  NTS  and  NTS0  are  the  notch  tensile  strengths  in  the  hydrogen-charged  and  the  hydrogen- 
free  specimens,  respectively.  A  plot  of  the  El  versus  charging  time  was  developed  to  determine 
an  appropriate  charging  time  for  subsequent  testing.  (Note:  The  acronym  Els  will  be  used  to 
represent  embrittlement  indices  throughout  the  rest  of  this  paper.) 

Notched  Tensile  Testing 

The  mechanical  properties  most  affected  by  hydrogen  embrittlement  are  notch  tensile 
strength  and  measures  of  ductility  (i.e.,  reduction  in  area  or  elongation)  (ref  16).  Hydrogen’s 
effect  on  notch  tensile  strength  is  most  pronounced  at  room  temperature  and  at  very  slow  strain 
rates  (ref  17).  Notch  tensile  tests  were  conducted  on  uncharged  notched  tensile  bars  to  establish 
baseline,  unembrittled,  notched  tensile  data.  Notch  tensile  tests  with  slow  strain  rates  (i.e.,  3.0  x 
10‘6/sec.)  were  used  to  determine  the  degree  of  embrittlement. 

Grain  Size 


To  determine  the  prior  austenitic  grain  size,  specimens  were  polished  and  etched  using  an 
aqueous  solution  of  1%  picric  acid  and  sodium  tridecylbenzene  sulfonate  heated  to  100°C  (ref  18). 
ASTM  grain  size  measurements  were  then  obtained  for  each  steel.  Grain  sizes  were  nearly 
identical  for  each  of  the  four  steels— showing  fine  grain  structures  measured  at  ASTM  Grain  Size 
Numbers  9  and  10.  Therefore,  grain  size  is  not  considered  a  factor  for  hydrogen  embrittlement 
susceptibility  in  this  investigation. 

X-rav  Diffraction/Energy  Dispersive  X-Ray  (EDX)  Analysis 

X-ray  diffraction  was  conducted  to  determine  the  presence  of  vanadium  carbide,  which 
was  a  possible  trap  site  for  hydrogen  in  the  A723  steel  samples.  The  carbide  particles  were 
electrolytically  extracted  using  anodic  dissolution  procedures  (refs  19-21).  An  A723  specimen 
constituted  the  anode  in  a  solution  of  7%  vol.  HC1  in  methanol  and  was  dissolved  with  a  current 
of  400  ma  at  6v  DC.  After  the  steel  anode  was  dissolved,  the  solution  was  decanted  and  allowed 
to  evaporate;  the  black  powder  residues  were  then  collected.  An  EDX  spectrum  of  the  elements 
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found  in  the  residue  helped  to  narrow  the  search;  the  identification  was  then  made  by  x-ray 
diffraction. 

Hydrogen  Extraction  Study 

Hydrogen  extraction  measurements  were  conducted  to  determine  how  trapping  affected 
the  A723  and  4340  steels  after  charging.  A  microprocessor-controlled  hydrogen  detector  was 
used  to  analyze  the  concentrations  of  diffusible  hydrogen,  which  were  extracted  and  measured  at 
200°C  (392°F).  Notched  tensile  bars  were  first  conditioned  by  a  hydrogen  relief  heat  treatment  at 
200°C  for  four  hours  to  effectively  eliminate  (bake  out)  any  diffusible  hydrogen.  All  specimens 
were  then  electrolytically  charged  with  hydrogen  for  exactly  15  minutes.  Specimens  were  then 
prepared  for  analysis  using  the  BWRA/IIW  (British  Welding  Research  Association  and 
International  Institute  of  Welding)  cleaning  technique  (ref  22),  which  is  a  three-step  process  that 
eliminates  water  vapor  or  surface  contaminants  that  could  contribute  to  the  hydrogen  content  and 
cause  errors  in  the  analysis. 

The  volume  of  extracted  hydrogen  at  200°C  was  measured,  and  the  result  was 
accumulated  over  a  1400  second  (23.3  min.)  period.  After  the  200°C  hydrogen  extraction 
described  above,  A723  specimens  were  also  tested  at  800°C  (1472°F).  The  higher  temperature 
extractions  helped  to  evaluate  the  hydrogen  concentration  in  deeper  traps. 

RESULTS 

Electrolytic  Charging — 4340  versus  A723 

Figure  2,  which  contains  a  plot  of  El  versus  charging  time,  was  developed  to  determine 
an  appropriate  amount  of  electrolytic  charging  time  to  provide  a  good  comparison  of  4340  and 
A723  at  the  same  high  strength  level.  The  data  in  Figure  2  indicate  that  the  Els  for  A723  were 
considerably  lower  than  those  for  4340  for  times  up  to  four  hours.  After  four  hours,  both  steels 
become  saturated  and  their  hydrogen  embrittlement  susceptibility  converges.  Thus,  for  a  specific 
charging  time,  4340  steel  is  significantly  more  susceptible  to  hydrogen  embrittlement — having 
both  higher  Els  and  lower  notch  tensile  strengths.  A  charging  time  of  0.25  hour  (15  minutes)  was 
selected  for  further  testing  because  this  charging  time  resulted  in  the  largest  difference  in 
hydrogen  embrittlement  susceptibility  between  the  two  steels.  At  this  charging  time,  the  mean  El 
for  4340  was  61.3%,  which  was  significantly  higher  than  A723’s  index  of  5.8%. 


Figure  2.  Embrittlement  index  versus  electrolytic  charging 


4 


Alloy  Modifications 


Table  3  compares  the  chemistries  of  the  alloy  modifications  to  the  baseline  alloys. 
Increasing  the  carbon  in  A723  steel  to  0.40%  and  increasing  the  vanadium  in  the  4340  steel 
resulted  in  two  steels  with  almost  the  same  chemistries — with  the  exception  of  a  higher  nickel 
content  and  a  slightly  higher  chromium  and  molybdenum  content  in  the  modified  A723  steel. 

Table  3.  Chemistries  of  Baseline  and  Modified  Steels  (Wt.  %) 


Base  A723 

Base  4340 

A723  Mod 

4340  Mod 

c 

0.32 

0.40 

0.40 

0.40 

s 

0.004 

0.013 

0.008 

0.013 

p 

0.011 

0.013 

0.013 

0.012 

Mn 

0.55 

0.74 

0.54 

0.90 

Cr 

1.17 

0.76 

1.21 

0.91 

Ni 

3.14 

1.71 

3.24 

1.74 

Mo 

0.49 

0.23 

0.49 

0.25 

V 

0.12 

trace 

0.12 

0.12 

Si 

0.31 

0.25 

0.31 

0.20 

Notch  Tensile  Testing 

Table  4  summarizes  notch  tensile  tests,  notch  tensile  strengths  (NTS),  and  Els  of  the 
steels.  The  baseline  for  4340  showed  significant  embrittlement  with  a  mean  El  of  61.3%; 
however,  neither  the  baseline  A723  nor  the  modified  A723  (with  an  increased  carbon  level  of 
0.40%)  significantly  degraded  from  their  uncharged  values,  with  mean  El  values  of  5.8%  and 
3.7%,  respectively.  Modified  4340  (vanadium  added  to  0.12%)  was  intermediate,  with  an  El  of 
22.1%.  This  demonstrates  that  the  addition  of  vanadium  was  beneficial  because  the  mean  El  for 
the  modified  4340  decreased  from  61.3%  to  22.1%. 


Table  4.  Notch  Tensile  Tests,  Mean  Values,  and  Embrittlement  Indices 


Steel 

Mean  Uncharged 
NTS  (MPa) 

Charged 
NTS  (MPa) 

El 

Mean  El 

Base  723 

2310 

2212 

4.2% 

2184 

5.5% 

5.8% 

2133 

7.6% 

Base  4340 

1980 

824 

58.5% 

798 

59.9% 

61.3% 

684 

65.6% 

Mod  A723 
(0.40%  C) 

2445 

2393 

2.0% 

2365 

3.2% 

3.7% 

2298 

6.0% 

Mod  4340 
(0.12%  V) 

2107 

1344 

36.0% 

1943 

7.7% 

1453 

31.0% 

22.1% 

1815 

13.8% 
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Scanning  Electron  Microscopy 


Scanning  electron  microscopy  (SEM)  was  used  to  examine  fracture  surfaces  to  determine 
the  mode  of  fracture  (whether  ductile  or  intergranular)  and  the  extent  of  hydrogen  embrittlement. 
The  baseline  for  A723,  which  had  an  El  of  4.9%,  showed  microvoid  coalescence  with  no 
intergranular  fracture  (Figure  3).  The  baseline  for  4340  was  severely  embrittled,  with  an  El  of 
65.5%  (Figure  4). 


Figure  3.  SEM  at  500X,  Base  A723  Figure  4.  SEM  at  2500X,  Base  4340 


SEM  of  Base  4340  at  10X  (Figure  5)  showed  areas  [A]  of  severe  embrittlement  and  a 
complete  intergranular  fracture  adjacent  to  approximately  80%  of  the  notch  circumference,  with 
inward  penetration  of  approximately  1.25  mm  (0.05  in.)  or  approximately  40%  of  the  radius. 
Modified  A723,  which  had  an  El  of  3.3%,  showed  no  intergranular  areas  on  the  fracture  surface 
(Figure  6). 


Figure  5.  SEM  at  10X,  Base  4340 


Figure  6.  SEM  at  250X,  Modified  A723 
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Modified  4340  (Figure  7),  which  had  an  El  of  13.8%,  showed  an  outer  intergranular  ring 
near  the  notch  diameter  and  microvoid  coalescence  in  the  inner  region  of  the  specimen.  The 
intergranular  outer  area  showed  a  slight  penetration  of  0.5  mm  (0.02  in.)  on  the  6.35  mm  (0.25 
in.)  diameter  fracture  surface.  In  summary,  the  SEM  fractography  generally  agrees  with  the 
mechanical  test  data  and  the  Els  of  the  four  steels. 


Figure  7.  SEM  at  500X,  Modified  4340 


EDX  and  X-rav  Diffraction 

X-ray  diffraction  and  EDX  (shown  in  Figure  8)  identified  the  presence  of  second  phases 
in  the  ASTM  A723  steel  samples.  The  EDX  spectrum  obtained  from  the  electrolytic  extraction 
residue  showed  two  large  peaks  corresponding  to  vanadium  and  chlorine.  The  chlorine  is  from 
the  HC1  solution  used  during  the  extraction.  The  next  largest  peaks  were  carbon,  molybdenum, 
silicon,  and  chromium.  The  x-ray  analysis  shown  in  Figure  9  clearly  indicates  that  the  extracted 
particles  were  vanadium  carbide,  V4C3. 


Figure  8.  EDX  spectrum  of  extracted  residues 
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Figure  9.  X-ray  diffractograph  of  extracted  residues 
Hydrogen  Extraction  Study 

To  determine  the  possibility  of  hydrogen  trapping,  hydrogen  extraction  measurements 
were  conducted  to  compare  the  A723  and  4340  steels.  The  results,  which  are  presented  in  Table 
5,  show  that  the  mean  volume  of  hydrogen  extracted  from  the  4340  steel  (0.31  ml/lOOg)  at  200°C 
was  approximately  three  times  that  of  the  A723  steel  (0.11  ml/lOOg).  The  significantly  lower 
levels  of  hydrogen  extracted  from  the  A723  are  attributed  to  vanadium  carbide  trapping  the 
hydrogen.  Because  of  this  apparent  trapping  tendency,  A723  specimens  were  tested  at  higher 
temperatures  (800°C)  after  the  hydrogen  was  extracted  at  200°C. 

Table  5.  Hydrogen  Extraction  Results 


Modified  (A723) 

HcftfKSTRNI 

Temperature  of  Extraction 

Volume  of  H2  (ml/lOOg) 

200°C 

0.15 

5-2 

200°C 

0.08  1 

5-3 

200°C 

0.12 

5-4 

200°C 

0.05 

5-5 

200°C 

0.17 

Mean 

200°C 

0.11 

5-6 

800°C 

0.20 

5-7 

800°C 

0.18 

5-8 

800°C 

0.17 

Mean 

800°C 

0.18 

Baseline  (4340) 

Temperature  of  Extraction 

Volume  of  H2  (ml/lOOg) 

200°C 

0.34 

4-2 

200°C 

0.40 

4-3 

200°C 

0.29 

4-4 

200°C 

0.27 

4-5 

200°C 

0.25 

Mean 

200°C 

0.31 
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The  higher  temperature  extractions  helped  to  determine  whether  the  A723  steel  contained 
less  apparent  hydrogen  than  the  4340  steel  or  if  the  hydrogen  in  the  A723  steel  was  trapped. 
When  the  mean  value  of  the  hydrogen  concentrations  extracted  from  the  A723  steel  at  800°C 
(0.18  ml/lOOg)  was  added  to  the  mean  value  extracted  at  200°C  (0.1 1  ml/lOOg),  the  sum  was 
0.29  ml/lOOg.  This  shows  good  correlation  with  the  4340  steel  (without  the  vanadium  carbide 
traps),  which  had  a  mean  value  of  0.31  ml/lOOg. 

In  previous  studies,  the  critical  concentration  of  hydrogen  required  to  induce  hydrogen 
embrittlement  was  a  strong  function  of  the  yield  strength  of  steel  alloys  (Figure  10  [refs  23-25]). 
The  “free”  or  diffusible  hydrogen  extracted  from  4340  steel  is  enough  to  induce  hydrogen 
embrittlement  in  this  alloy.  On  the  other  hand,  although  the  A723  steel  contains  essentially  the 
same  total  level  of  hydrogen,  it  released  only  a  fraction  of  the  hydrogen  upon  heating  at  200°C. 
These  results  indicate  that  the  amount  of  “free”  hydrogen  in  the  A723  steel  was  not  sufficient  to 
induce  any  appreciable  embrittlement. 


YIELD  STRENGTH  (Ksi) 

Figure  10.  Critical  hydrogen  concentration  versus  yield  strength 


DISCUSSION 

Discussion  of  Varying  Alloying  Elements 

Although  4340  was  embrittled  (with  an  El  of  61.2%),  the  A723  steels  were  not 
embrittled.  Because  their  corresponding  strength  levels  and  grain  sizes  were  virtually  identical, 
the  difference  in  hydrogen  embrittlement  susceptibility  can  be  attributed  to  the  differences  in 
alloying  elements.  The  largest  differences— and  those  chosen  for  further  examination— were  the 
carbon  and  vanadium  levels.  The  ASTM  A723  alloy  has  a  carbon  content  of  0.32%,  while  4340  s 
content  is  higher  at  0.40%.  In  addition,  4340  contained  only  trace  amounts  of  vanadium,  whereas 
the  ASTM  A723  has  a  vanadium  level  of  0.12%. 
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Modified  A723 


The  carbon  in  ASTM  A723  was  increased  from  0.32%  to  0.40% — making  it  equivalent  to 
that  of  AISI 4340 — to  determine  if  this  would  render  the  modified  ASTM  A723  steel  more 
susceptible  to  hydrogen  embrittlement.  The  notched  tensile  test  data  indicated  that  increasing  the 
carbon  resulted  in  a  small  increase  in  the  notch  tensile  strength  of  the  uncharged  alloy.  An  SEM 
fractography  of  the  charged  alloy  showed  that  this  steel  did  not  become  embrittled,  and  that  the 
El  did  not  degrade.  These  results  mean  that  carbon  does  not  cause  a  difference  in  hydrogen 
embrittlement  susceptibility. 

Modified  4340 


To  determine  if  the  modified  4340  would  become  less  susceptible  to  hydrogen 
embrittlement,  vanadium  was  added  to  4340 — raising  vanadium  content  from  trace  amounts  to 
0.12%,  which  is  equivalent  to  the  level  of  vanadium  in  ASTM  A723  steel.  This  provided 
excellent  control  and  allowed  for  a  direct  comparison  of  the  effects  of  vanadium  on  the  original 
4340  and  the  modified  4340.  The  test  results  showed  conclusively  that  modified  4340  (with  an  El 
of  22.1%)  was  significantly  less  embrittled  than  the  original  4340,  which  had  an  El  of  61.3%. 
SEM  fractography  agreed  with  the  notch  tensile  testing  (i.e.,  the  extent  and  penetration  of  the 
hydrogen  embrittled  areas  on  the  fracture  surface  correlated  with  the  measured  Els). 

In  summary,  the  reduction  of  the  El  from  61.3%  to  22.1%  was  caused  by  the  0.12% 
vanadium  addition.  The  additional  difference  between  modified  4340’s  El  and  modified  A723’s 
El  is  believed  to  be  a  secondary  effect  caused  by  differences  in  molybdenum  and  the  formation  of 
M02C  traps  in  the  modified  A723  steel. 

In  an  earlier  empirical  report  (ref  1),  Raymond  suggested  that  increasing  vanadium 
concentrations  in  high  strength  steels  improved  the  hydrogen  embrittlement  susceptibility  of  the 
steels.  However,  his  discussion  suggested  that  vanadium’s  role  was  to  refine  the  grain  size.  In 
addition,  Raymond  suggested  that  the  effects  of  increasing  the  level  of  carbide  formers  was 
negligible.  By  contrast,  this  study  demonstrates  a  strong  correlation  between  hydrogen 
embrittlement  susceptibility  and  the  presence  of  vanadium  carbides.  These  results  suggest  that 
the  vanadium  carbides  act  as  effective  hydrogen  traps. 

Hydrogen  Trapping 

This  study  was  particularly  interested  in  the  trapping  effect  of  carbides.  Pressouyre  and 
Bernstein  (ref  2)  found  that  titanium  carbide  particles  act  as  strong  hydrogen  traps  (with  an 
interaction  energy  of  95  kJ/mol)  and  are  irreversible  traps  at  room  temperature;  however, 
titanium  used  as  a  substitutional  atom  is  a  reversible  trap  that  has  a  relatively  low  interaction 
energy  of  26  kJ/mol.  The  numerous  studies  on  trap  energies  are  summarized  in  Table  6. 
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Table  6.  Hydrogen  Traps  and  Interaction  Energies 


Type  of  Trap 

Interaction  Energy 

Matrix/Reference 

Nd  particle 

129  kJ/mol 

Iron  (ref  28) 

TiC  particle 

95  kJ/mol 

C-Mn  Steel  (ref  2) 

A1203  particle 

79  kJ/mol 

C-Mn  Steel  (ref  29) 

MnS  inclusion 

72  kJ/mol 

C-Mn  Steel  (ref  30) 

Ti  substitutional  atom 

26  kJ/mol 

C-Mn  Steel  (ref  10) 

Grain  boundary 

59  kJ/mol 

Iron  (ref  9) 

Grain  boundary 

26  kJ/mol 

C-Mn  Steel  (ref  28) 

Dislocation  core  (mixed) 

59  kJ/mol 

C-Mn  Steel  (ref  6) 

Dislocation 

26  kJ/mol 

Iron  (ref  7) 

Dislocation 

26  kJ/mol 

C-Mn  Steel  (ref  28) 

Olson  et  al.  (ref  14)  investigated  several  second  phase  particles  in  steel  to  determine  their 
interaction  energy  with  hydrogen.  One  of  these  particles — Ce2035  a  rare  earth  oxide — was  found 
to  have  the  highest  binding  energy — followed  by  (in  order  of  decreasing  energy)  TiC,  Y2O3,  VC, 
NbC,  and  Mo2C.  The  binding  energy  of  60  kJ/mol  for  a  dislocation  or  a  grain  boundary  is 
generally  regarded  as  the  typical  limiting  value  of  a  reversible  trap  (ref  14).  A  reversible  trap  with 
a  binding  energy  lower  than  60  kJ/mol  cannot  prevent  hydrogen  cracking  because  the  trapped 
hydrogen  will  be  picked  up  by  moving  dislocations  and  will  eventually  be  delivered  to  crack 
initiation  sites  (refs  14,  26).  The  preferred  traps  are  irreversible  traps  (i.e.,  those  with  binding 
energies  greater  than  60  kJ/mol)  (refs  14,  27). 

Vanadium  carbide  has  a  face-center-cubic  NaCl-type  structure  (refs  31,  32),  and,  ideally, 
vanadium  carbide  should  be  present  as  VC.  However,  in  most  cases,  a  significant  portion  of  the 
lattice  is  deficient  in  carbon — with  some  of  the  carbon  sites  empty.  Although  several  carbon- 
deficient  carbides  exist  (e.g.,  V4C2.67)  V4C3,  and  V8C7  [ref  33]),  V4C3  predominates  in  steel  (ref  31) 
and  was  the  vanadium  carbide  found  via  x-ray  diffraction  during  this  study.  The  empty  carbon  sites 
of  the  V4C3  may  be  the  physical  trap  sites  for  diffusing  hydrogen.  Vanadium  has  five  electrons 
(i.e.,  3d3  and  4s2)  in  its  outer  electron  shells  that  are  available  for  bonding  with  the  four  carbon 
valence  electrons.  This  leaves  an  extra  (or  unbonded)  vanadium  electron,  which  may  be  an 
attractive  hydrogen  trap  site  (ref  28). 

Yoshino  (ref  34)  found  that  incoherent  carbides  (such  as  chromium  carbide)  increased  the 
susceptibility  of  stress  corrosion  cracking  (which,  in  this  case,  is  synonymous  with  hydrogen 
embrittlement).  Yoshino  also  found  that  fine  coherent  carbides  (such  as  molybdenum  carbide, 
vanadium  carbide,  titanium  carbide,  and  niobium  carbide)  helped  promote  resistance  to  stress 
corrosion  cracking.  The  presence  of  fine  particles  (i.e.,  less  than  50  angstroms  in  diameter)  of 
vanadium  carbide,  V4C3,  in  steels  containing  0.2%  C  and  vanadium  greater  than  0.10%  were 
observed  under  transmission  electron  microscopy  (TEM)  by  Aoki  and  Tanino  (ref  10).  These 
particles  were  coherent  and  formed  parallel  to  { 100}  planes  in  the  iron  matrix. 

In  this  study,  it  was  found  that  vanadium  carbides  significantly  reduced  hydrogen 
embrittlement  susceptibility.  Vanadium  carbide  traps  are  classified  as  relatively  strong 
irreversible  traps  (refs  31, 35).  In  addition,  fine  vanadium  carbide  particles  precipitate  coherently 
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with  the  steel  lattice  and  are  finely  and  homogeneously  dispersed  within  the  lattice.  As  a  result, 
this  distribution  of  hydrogen  traps  disperses  the  hydrogen  and  suppresses  the  concentration  of 
hydrogen  in  any  one  area — thereby  reducing  the  susceptibility  to  hydrogen-induced  damage. 
Conversely,  incoherent  traps  result  in  less  cohesive  strength  and  more  areas  where  hydrogen  and 
segregating  impurities  can  congregate  (ref  36). 

In  general,  smaller  and  round,  nonelongated  inclusions  are  beneficial,  and  large  grain 
sizes  are  detrimental  because  the  associated  lower  grain  boundary  area  provides  fewer  trapping 
sites — thereby  increasing  the  probability  that  the  concentration  of  hydrogen  trapped  on  grain 
boundaries  will  reach  its  critical  value.  In  addition,  a  nonhomogeneous  distribution  of  defects  or 
segregation  favors  large  local  hydrogen  concentrations — with  the  accompanying  deleterious 
effects.  One  way  to  avoid  segregation  is  to  produce  stable  carbides  that  do  not  dissolve  and 
reprecipitate  in  the  temperature  range  of  service.  Vanadium,  titanium,  or  molybdenum  alloy 
additions  are  ideal  for  this.  Another  parameter  is  precipitate  coherency;  incoherent  interfaces 
offer  less  cohesive  strength  and  are  usually  not  distributed  homogeneously — thereby  providing 
more  room  for  undesirable  segregating  impurities  (ref  36). 

In  summary,  the  desirable  characteristics  for  traps  are  rounded,  small,  coherent  particles; 
a  sufficient  quantity  of  beneficial  traps  (to  delay  the  time  for  the  saturation);  an  irreversible 
character;  and  a  homogeneous  distribution. 

Vanadium  Carbides,  Thermodynamics,  and  Kinetics 

The  ease  with  which  vanadium  carbide  (V4C3)  is  formed — or  the  extent  of  the  driving 
force  of  this  reaction — is  given  by  AG  (the  Gibbs  free  energy  of  formation),  as  follows: 

AG  =  AH-  TAS  (2) 

where  H  =  enthalpy,  S  =  entropy,  and  T  =  temperature. 

At  25°C  (298°K),  with  values  taken  from  thermo-chemical  tables  (ref  37): 

AGV-c@  298°k=  -100.9  kJ/mol  -  (298°K)(0.0276  kJ/°mol) 

AGy-c@  298°k=  *109.1  kJ/mol  (3) 

/ 

This  is  a  relatively  large,  negative,  free  energy  and  indicates  a  stable  vanadium  carbide. 
As  the  temperature  at  which  this  reaction  takes  place  increases,  the  free  energy  or  driving  force 
also  increases  with  a  positive  entropy  (as  shown  in  this  case).  By  contrast,  the  formation  of  iron 
carbide  (Fe3C) — which  is  a  competing  reaction  with  the  vanadium  carbide  reaction — the  free 
energy  of  formation  at  25°C  (298°K)  is: 

AGFe-C@  298°k=  +25.1  kJ/mol  -  (298°K)(0.1047  kJ/°mol)  (ref  37) 

AGFe-c@  298°k=  "6.1  kJ/mol  (4) 


The  formation  of  iron  carbide  is  a  factor  of  18  times  less  favorable  than  the  formation  of 
vanadium  carbide. 


12 


The  formation  of  vanadium  hydride  is  another  reaction  of  interest.  The  free  energy  of 
formation  at  300°C  (573°K)  is: 

AGv-h@  573°k  ~  "0.75  kJ/mol  (ref  38)  (5) 

This  is  approximately  two  orders  of  magnitude  less  than  the  vanadium  carbide  reaction.  Good 
steel-making  practices  typically  take  measures  to  reduce  hydrogen  to  the  barest  minimum 
(usually  <1.0  ppm),  and  the  possibility  of  a  vanadium-hydrogen  reaction  at  this  level  is  very 
unlikely.  After  the  steel  cools  through  a  favorable  temperature  range  of  720°C  to  550°C  for  the 
vanadium-carbon  reaction  to  occur,  the  vanadium  carbide  is  formed.  If  this  steel  is  then  exposed 
to  hydrogen,  there  is  no  longer  any  vanadium  for  vanadium  hydride  formation. 

Kinetics  may  also  play  an  important  role  in  the  formation  of  vanadium  carbides.  The 
kinetics  of  this  reaction  are  governed  by  the  mobility  of  the  carbon  atom  to  reach  a  vanadium 
atom  in  iron.  This  reaction  is  expressed  by  the  Arrhenius  relationship  for  diffusivity: 


D  =  D0  exp('Q^T) 


(6) 


where  D0  =  pre-exponential  constant  and  Q  =  activation  energy.  With  the  values  for  D0  and  Q 
taken  from  referenced  handbooks,  the  diffusivity  for  carbon  in  iron  at  700°C  is: 

DCarbon@  700°c  =  5.76  x  10'7  cm2/sec  (refs  37,  39)  (7) 

However,  the  diffusivity  for  vanadium  in  iron  at  700°C  is: 

DVanadium@  700°c  =  7.90  x  10'13  cm2/sec  (refs  37,  39)  (8) 

Vanadium  is  primarily  added  to  steel  for  grain  size  refinement  to  suppress  grain  growth. 
This  is  brought  about  by  the  fine  vanadium  carbide  particles  that  are  very  stable,  do  not  dissolve, 
and  are  not  solutionized  at  temperatures  less  than  1200°C  (ref  40),  which  is  well  above  the 
normal  heat-treatment  temperatures.  The  presence  of  these  finely  dispersed  vanadium  carbide 
particles  pin  (or  prevent)  grain  growth.  Vanadium  carbide  may  form  either  during  slow  cooling 
after  melting  in  the  720°C  to  550°C  range  (ref  31)  or  during  a  temper  in  the  same  temperature 
range  (ref  28).  An  important  effect  of  vanadium  is  that  it  induces  resistance  to  softening  at  high 
temperatures — as  long  as  the  steel  has  been  heat-treated  in  the  ranges  described  above  to  form 
the  vanadium  carbide  and  absorb  it  into  solid  solution  (ref  41).  Consequently,  vanadium  steels 
may  be  used  in  elevated  temperature  applications. 

Summary 

The  experimental  evidence  described  earlier  demonstrates  that  adding  vanadium  to  4340 
significantly  decreases  hydrogen  embrittlement  susceptibility.  The  basis  for  this  improvement 
was  determined  to  be  the  beneficial  effect  of  vanadium  carbides,  which  trap  diffusible  hydrogen. 
This  mechanism  effectively  reduces  the  hydrogen  concentrations  at  potential  crack  sites — thereby 
reducing  hydrogen  embrittlement  susceptibility.  Thus,  trapping  constituents  such  as  vanadium 
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carbides — or  the  even  stronger  trapping  rare  earth  elements — can  be  designed  as  steel  alloy 

additions  that  reduce  or  manage  the  problem  of  hydrogen  embrittlement  susceptibility. 

CONCLUSIONS 

1.  Hydrogen-charged  4340  steel  became  heavily  embrittled,  with  an  El  of  61.2%,  while 
A723  did  not  embrittle  under  identical  conditions.  Because  the  strength  levels  and  grain 
sizes  were  identical  for  the  A723  and  the  4340,  the  difference  in  hydrogen  embrittlement 
susceptibility  was  attributed  to  differences  in  the  levels  of  alloying  elements. 

2.  A  0.40%  carbon  level  was  not  responsible  for  4340's  greater  susceptibility  to  hydrogen 
embrittlement. 

3.  Adding  vanadium  to  4340  significantly  improved  its  resistance  to  hydrogen 
embrittlement;  this  was  subsequently  found  to  be  the  cause  of  the  susceptibility 
difference. 

4.  Hydrogen  extraction  studies  demonstrated  that  vanadium  carbides  act  as  beneficial  traps 
for  diffusible  hydrogen.  The  significantly  lower  levels  of  hydrogen  extracted  from  A723 
can  be  attributed  to  hydrogen  trapping  by  vanadium  carbide. 

5.  Vanadium  (in  the  form  of  vanadium  carbide,  V4C3)  was  identified  in  the  A723  steel  by  x- 
ray  diffraction.  V4C3  traps  effectively  reduced  the  hydrogen  concentrations  at  the  crack 
sites — thereby  reducing  hydrogen  embrittlement  susceptibility. 

6.  Notch  tensile  testing  at  slow  strain  rates  was  shown  to  be  a  reliable  and  effective  method 
for  measuring  the  extent  of  hydrogen  embrittlement;  this  method  was  also  ideally  suited 
for  comparison  testing.  The  El  provided  an  excellent  quantitative  measure  of  the  degree 
of  embrittlement. 

7.  Designers  or  specifiers  of  gun  steel  material  should  not  use  AISI 4340  because  of  its  high 
sensitivity  to  hydrogen  embrittlement;  they  should  use  ASTM  A723  or  4340  steels  that 
have  vanadium  additions  such  as  300M  (ref  42)  or  4340M  (ref  43). 


14 


REFERENCES 


1.  Raymond,  L.,  Proceedings  of  the  Tri-Services  Conference  on  Corrosion,  Orlando,  FL, 
December  1985,  pp.  3-13. 

2.  Pressouyre,  G.  M.,  and  Bernstein,  I.  M.,  Met.  Trans.,  9A,  1978,  p.  1571. 

3.  Bernstein,  I.  M.,  and  Pressouyre,  G.  M.,  Hydrogen  Degradation  of  Ferrous  Alloys,  Noyes 
Publications,  Park  Ridge,  NJ,  1985,  pp.  641-685. 

4.  Kumnick,  A.  J.,  and  Johnson,  H.  H.,  Met.  Trans.,  5, 1974,  p.  1200. 

5.  Laurent,  J.  P.,  Lapasset,  G.,  Aucouturier,  M.,  and  Lacombe,  P.,  Hydrogen  in  Metals, 
ASM,  Metals  Park,  OH,  1974,  p.  559. 

6.  Kumnick,  A.  J.,  and  Johnson,  H.  H.,  Acta  Met.,  28,  1980,  pp.  38-40. 

7.  Choo,  W.  Y.,  and  Lee,  J.  Y.,  Met.  Trans.,  13A,  1982,  p.  135. 

8.  Asaoka,  T.,  These  Docteur-Ingenieur,  University  of  Paris-Sud,  1976. 

9.  Asaoka,  T.,  Dagbert,  C.,  Aucouturier,  M.,  and  Galland,  J.,  Scripta  Met.,  11, 1977, 
pp.  467-472. 

10.  Aoki,  K.,  and  Tanino,  M.,  Yawata  Technical  Report  No.  255,  1966,  pp.  159-161. 

11.  Evans,  G.  M.,  and  Pollason,  E.  C.,  J.  Iron  Steel  Inst.,  207,  1969,  p.  1591. 

12.  Alien-Booth,  D.  M.,  and  Hewitt,  J.,  Acta  Met.,  22,  1974,  p.  171. 

13.  Boniszewski,  T.,  Report  P/10/66  of  the  British  Welding  Research  Assoc.,  London,  1966. 

14.  Olson,  D.  L.,  et  ah,  Proceedings  of  Hydrogen  Management  in  Steel  Weldments 
Conference,  Melbourne,  Australia,  October  1996,  p.  6. 

15.  Inglis,  N.  P.,  and  Andrews,  W.,  J.  Iron  Steel  Inst.,  128, 1933. 

16.  Interrante,  C.  G.,  Current  Solutions  to  Hydrogen  Problems  in  Steels,  Proceedings  of  the 
First  International  Conference,  ASM,  Metals  Park,  OH,  1982,  p.  10. 

17.  Graville,  B.  A.,  Principles  of  Cold  Cracking  Control,  Dominion  Bridge  Co.,  Montreal, 
1975,  pp.  19-21. 

18.  Brassard,  T.  V.,  and  Nolan,  C.  J.,  Microstructural  Science,  3, 1975,  pp.  341-342. 

19.  Gurry,  R.  W.,  Christakos,  J.,  and  Strieker,  C.  D.,  Trans.  ASM,  50,  1956,  pp.  105-128. 


15 


REFERENCES 


1.  Raymond,  L.,  Proceedings  of  the  Tri-Services  Conference  on  Corrosion,  Orlando,  FL, 
December  1985,  pp.  3-13. 

2.  Pressouyre,  G.  M.,  and  Bernstein,  I.  M.,  Met.  Trans.,  9A,  1978,  p.  1571. 

3.  Bernstein,  I.  M.,  and  Pressouyre,  G.  M.,  Hydrogen  Degradation  of  Ferrous  Alloys,  Noyes 
Publications,  Park  Ridge,  NJ,  1985,  pp.  641-685. 

4.  Kumnick,  A.  J.,  and  Johnson,  H.  H.,  Met.  Trans.,  5, 1974,  p.  1200. 

5.  Laurent,  J.  P.,  Lapasset,  G.,  Aucouturier,  M.,  and  Lacombe,  P.,  Hydrogen  in  Metals, 
ASM,  Metals  Park,  OH,  1974,  p.  559. 

6.  Kumnick,  A.  J.,  and  Johnson,  H.  H.,  Acta  Met.,  28, 1980,  pp.  38-40. 

7.  Choo,  W.  Y.,  and  Lee,  J.  Y.,  Met.  Trans.,  13A,  1982,  p.  135. 

8.  Asaoka,  T.,  These  Docteur-Ingenieur,  University  of  Paris-Sud,  1976. 

9.  Asaoka,  T.,  Dagbert,  C.,  Aucouturier,  M.,  and  Galland,  J.,  Scripta  Met.,  11,  1977,  pp. 

467-472. 

10.  Aoki,  K.,  and  Tanino,  M.,  Yawata  Technical  Report  No.  255,  1966,  pp.  159-161. 

11.  Evans,  G.  M.,  and  Pollason,  E.  C.,  J.  Iron  Steel  Inst.,  207,  1969,  p.  1591. 

12.  Alien-Booth,  D.  M.,  and  Hewitt,  J.,  Acta  Met.,  22, 1974,  p.  171. 

13.  Boniszewski,  T.,  Report  P/10/66  of  the  British  Welding  Research  Assoc.,  London,  1966. 

14.  Olson,  D.  L.,  et  al.,  Proceedings  of  Hydrogen  Management  in  Steel  Weldments 
Conference,  Melbourne,  Australia,  October  1996,  p.  6. 

15.  Inglis,  N.  P.,  and  Andrews,  W.,  J.  Iron  Steel  Inst.,  128,  1933. 

16.  Interrante,  C.  G.,  Current  Solutions  to  Hydrogen  Problems  in  Steels,  Proceedings  of  the 
First  International  Conference,  ASM,  Metals  Park,  OH,  1982,  p.  10. 

17.  Graville,  B.  A.,  Principles  of  Cold  Cracking  Control,  Dominion  Bridge  Co.,  Montreal, 
1975,  pp.  19-21. 

18.  Brassard,  T.  V.,  and  Nolan,  C.  J.,  Microstructural  Science,  3, 1975,  pp.  341-342. 

19.  Gurry,  R.  W.,  Christakos,  J.,  and  Strieker,  C.  D.,  Trans.  ASM,  50,  1956,  pp.  105-128. 


15 


20.  Altsetter,  C.,  Trans.  A1ME,  224, 1962,  pp.  394-395. 

21.  Kim,  C.,  Biss,  V.,  and  Hosford,  W.  F.,  Met.  Trans.,  13A,  1982,  pp.  185-191. 

22.  Int.  Standard  3690,  Welding  -  Determination  of  Hydrogen  in  Deposited  Weld  Metal, 

ISO,  Geneva,  Switzerland,  1976,  p.  2. 

23.  Spencer,  G.  L.,  “Hydrogen  Embrittlement  of  Gun  Steel,”  Master’s  Thesis,  Rensselaer 
Polytechnic  Institute,  August  1987,  p.  56. 

24.  Savage,  W.  F.,  Nippes,  E.  F.,  and  Homma,  H.,  Welding  Journal  Res.  Sup.,  55,  1976, 
pp.  368-376. 

25.  Savage,  W.  F.,  Nippes,  E.  F.,  and  Toknaga,  Y.,  Welding  Journal  Res.  Sup.,  57, 1978, 

pp.  118-126. 

26.  Tien,  J.  K.,  Thompson,  A.  W„  Bernstein,  I.  M„  and  Richards,  R.  J.,  Met.  Trans.,  7A, 
1976,  pp.  821-829. 

27.  Pressouyre,  G.  M.,  and  Bernstein,  I.  M.,  Met.  Trans.,  12A,  1981,  pp.  835-844. 

28.  Pressouyre,  G.  M.,  Met.  Trans.,  10A,  1979,  pp.  1571-1573. 

29.  Lee,  J.  L.,  and  Lee,  J.  Y.,  Met.  Trans.,  35A,  1987,  pp.  2695-2700. 

30.  Lee,  J.  L.,  and  Lee,  J.  Y.,  Metall.  Sci.,  17,  1983,  p.  462. 

31.  Woodhead,  J.  H.,  Proceedings  of  Conference:  Vanadium  79  in  High  Strength  Steel, 
Chicago,  IL,  November  7,  1979,  p.  A-2. 

32.  Storms,  E.  K.,  The  Refractory  Carbides,  Academic  Press,  New  York,  1973,  Ch.  4. 

33.  Powder  Diffraction  File  Search  Manual,  Joint  Committee  on  Powder  Diffraction  Stand., 
Swarthmore,  PA,  1976,  pp.  732-733. 

34.  Yoshino,  Y.,  Corrosion,  38,  1982,  p.  156. 

35.  Sigworth,  G.  K.,  and  Elliot,  J.  F.,  Met.  Sci.  J.,  8, 1974,  p.  298. 

36.  Bernstein,  I.  M„  and  Pressouyre,  G.  M.,  Hydrogen  Degradation  of  Ferrous  Alloys,  Noyes 
Publications,  Park  Ridge,  NJ,  1985,  p.  666. 

37.  Smithells,  C.,  Smithells  Metals  Reference  Book,  6th  ed.,  Butterworth,  London,  1983, 

pp.  8-66. 

38.  Libowitz,  G.,  Solid  State  Chem.  of  Binary  Metal  Hydrides,  W.A.  Benjamin,  Inc.,  New 
York,  1965,  p.  76. 


16 


39.  Hannemann,  R.,  Ogilvie,  R.,  and  Gates,  H.,  Trans.  Metall.  Soc.  A1ME,  233,  1965,  p.  691. 

40.  Crafts,  W.,  and  Lamont,  J.,  J.  Met.  Trans.  A1ME,  188, 1950,  p.  562. 

41.  Higgins,  R.,  Engineering  Metallurgy,  6th  ed.,  Edward  Arnold  Ltd.,  London,  1993,  p.  312. 

42.  Military  Specification  MIL-S-8844D,  “Steel  Bar,  Low  Alloy,  Premium  Quality,” 
Department  of  Defense  Standardization,  Specifications,  Pub.  Center,  Philadelphia,  PA, 
1987,  pp. 1-18. 

43.  SAE  Aerospace  Material  Spec.,  AMS  6419C,  “Steel  Bars  and  Forgings,  Consumable 
Electrode  Vacuum  Remelted,”  Soc.  of  Auto.  Engs.,  Warrendale,  PA,  1989,  pp.  1-11. 


17 


TECHNICAL  REPORT  INTERNAL  DISTRIBUTION  LIST 


NO.  OF 
COPIES 


CHIEF,  DEVELOPMENT  ENGINEERING  DIVISION 

ATTN:  AMSTA-AR-CCB-DA  1 

-DB  1 

-DC  1 

-DD  1 

-DE  1 

CHIEF,  ENGINEERING  DIVISION 

ATTN:  AMSTA-AR-CCB-E  1 

-EA  1 

-EB  1 

-EC  1 

CHIEF,  TECHNOLOGY  DIVISION 

ATTN:  AMSTA-AR-CCB-T  2 

-TA  1 

-TB  1 

-TC  1 

TECHNICAL  LIBRARY 

ATTN:  AMSTA-AR-CCB-0  5 

TECHNICAL  PUBLICATIONS  &  EDITING  SECTION 

ATTN:  AMSTA-AR-CCB-0  3 

OPERATIONS  DIRECTORATE 

ATTN:  SIOWV-ODP-P  1 

DIRECTOR,  PROCUREMENT  &  CONTRACTING  DIRECTORATE 

ATTN:  SIOWV-PP  1 

DIRECTOR,  PRODUCT  ASSURANCE  &  TEST  DIRECTORATE 

ATTN:  SIOWV-QA  1 


NOTE:  PLEASE  NOTIFY  DIRECTOR,  BENET  LABORATORIES,  ATTN:  AMSTA-AR-CCB-O  OF  ADDRESS  CHANGES. 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST 


NO.  OF  NO.  OF 

COPIES  COPIES 


ASST  SEC  OF  THE  ARMY 

RESEARCH  AND  DEVELOPMENT 

ATTN:  DEPT  FOR  SCI  AND  TECH  1 

THE  PENTAGON 

WASHINGTON,  D.C.  20310-0103 

DEFENSE  TECHNICAL  INFO  CENTER 
ATTN:  DTIC-OCP  (ACQUISITIONS)  2 

8725  JOHN  J.  KINGMAN  ROAD 
STE  0944 

FT.  BELVOIR,  VA  22060-6218 


COMMANDER 
U.S.  ARMY  ARDEC 

ATTN:  AMSTA-AR-AEE,  BLDG.  3022  1 

AMSTA-AR-AES,  BLDG.  321  1 

AMSTA-AR-AET-O,  BLDG.  183  1 

AMSTA-AR-FSA,  BLDG.  354  1 

AMSTA-AR-FSM-E  1 

AMSTA-AR-FSS-D,  BLDG.  94  1 

AMSTA-AR-IMC,  BLDG.  59  2 

PICATINNY  ARSENAL,  NJ  07806-5000 

DIRECTOR 

U.S.  ARMY  RESEARCH  LABORATORY 
ATTN:  AMSRL-DD-T,  BLDG.  305  1 

ABERDEEN  PROVING  GROUND,  MD 
21005-5066 


DIRECTOR 

U.S.  ARMY  RESEARCH  LABORATORY 
ATTN:  AMSRL-WT-PD  (DR.  B.  BURNS)  1 

ABERDEEN  PROVING  GROUND,  MD 
21005-5066 


COMMANDER 

ROCK  ISLAND  ARSENAL 

ATTN:  SMCRI-SEM  1 

ROCK  ISLAND,  IL  61299-5001 

COMMANDER 

U.S.  ARMY  TANK-AUTMV  R&D  COMMAND 
ATTN:  AMSTA-DDL  (TECH  LIBRARY)  1 

WARREN,  MI  48397-5000 

COMMANDER 

U.S.  MILITARY  ACADEMY 

ATTN:  DEPARTMENT  OF  MECHANICS  1 

WEST  POINT,  NY  10966-1792 

U.S.  ARMY  MISSILE  COMMAND 
REDSTONE  SCIENTIFIC  INFO  CENTER  2 

ATTN:  AMSMI-RD-CS-R/DOCUMENTS 
BLDG.  4484 

REDSTONE  ARSENAL,  AL  35898-5241 
COMMANDER 

U.S.  ARMY  FOREIGN  SCI  &  TECH  CENTER 
ATTN:  DRXST-SD  1 

220  7TH  STREET,  N.E. 

CHARLOTTESVILLE,  VA  22901 

COMMANDER 

U.S.  ARMY  LABCOM,  ISA 

ATTN:  SLCIS-IM-TL  1 

2800  POWDER  MILL  ROAD 

ADELPHI,  MD  20783-1145 


NOTE:  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH,  DEVELOPMENT,  AND  ENGINEERING  CENTER. 
BENET  LABORATORIES,  CCAC,  U.S.  ARMY  TANK-AUTOMOTIVE  AND  ARMAMENTS  COMMAND, 

AMSTA-AR-CCB-O,  WATERVL1ET,  NY  12189-4050  OF  ADDRESS  CHANGES. _ 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST  (CONT’D) 


NO.  OF 
COPIES 


COMMANDER 

U.S.  ARMY  RESEARCH  OFFICE 
ATTN:  CHIEF,  IPO 
P.O.BOX  12211 

RESEARCH  TRIANGLE  PARK,  NC  27709-221 1 
DIRECTOR 

U.S.  NAVAL  RESEARCH  LABORATORY 
ATTN:  MATERIALS  SCI  &  TECH  DIV 
WASHINGTON,  D.C.  20375 


WRIGHT  LABORATORY 
ARMAMENT  DIRECTORATE 
ATTN:  WL/MNM 
EGLIN  AFB,  FL  32542-6810 

WRIGHT  LABORATORY 
ARMAMENT  DIRECTORATE 
ATTN:  WL/MNMF 
EGLIN  AFB,  FL  32542-6810 


NOTE:  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH,  DEVELOPMENT,  AND  ENGINEERING  CENTER, 
BENET  LABORATORIES,  CCAC,  U.S.  ARMY  TANK-AUTOMOTIVE  AND  ARMAMENTS  COMMAND, 
AMSTA-AR-CCB-O,  WATER VLIET,  NY  12189-4050  OF  ADDRESS  CHANGES. 


NO.  OF 
COPIES 


1 


1 


